Over the past decade xenotransplantation systems have been used with increasing success to gain a better understanding of human cells that are able to initiate and maintain the hematopoietic system in vivo. The nonobese diabetic͞severe combined immunodeficiency (SCID) mouse has been a particularly useful model. Human cells capable of hematopoietic repopulation in this mouse, termed SCID-repopulating cells, have been assumed to represent the most primitive elements of the hematopoietic system, responsible for long-term maintenance of hematopoiesis. However, we demonstrate that SCID-repopulating cells present in the CD34 ؉ cell fraction of cord blood can be segregated into subpopulations with distinct repopulation characteristics. CD34 ؉ ͞CD38 ؉ progenitors can repopulate recipients rapidly, but can only maintain the graft for 12 weeks or less and have no secondary repopulation potential. Conversely, the more primitive CD34 ؉ ͞CD38 ؊ subpopulation repopulates recipients more gradually, can maintain the graft for at least 20 weeks, and contains cells with serial repopulation potential throughout the engraftment period. Additionally, a much higher frequency of T cell precursors are found among SCIDrepopulating cells in the CD34 ؉ ͞CD38 ؊ subpopulation. These findings demonstrate that cells with variable repopulation potential comprise the human CD34 ؉ population and that short-and longterm potential of human precursors can be evaluated in the mouse model.
O
ur understanding of the hierarchical structure within the early developmental stages of the hematopoietic system have been largely defined by findings from experimental manipulations in the mouse (1, 2) . Transplantation studies using retrovirus-marked cells or populations isolated based on specific cell surface molecules have provided compelling evidence for heterogeneity within the subset of precursors with repopulating potential (3) (4) (5) (6) (7) (8) (9) . Findings from numerous studies indicate that precursors with repopulating potential represent a developmental continuum, ranging from relatively mature cells with shortterm repopulating potential to the most primitive cells able to provide sustained, long-term engraftment (3, 10) . These primitive cells, referred to as long-term repopulating stem cells (LTRSC), are distinguished from other repopulating cells, by their capacity to self-replicate through a process known as self-renewal (1) . Multipotentiality, the ability to generate multiple blood-cell lineages including myeloid, erythroid, and lymphoid was at one time also considered to be a characteristic unique to the LTRSC. Although LTRSC are multipotential, evidence now suggests that not all multipotential cells are LTRSC (8, 10) . Rather, some multipotential cells appear to represent a somewhat more advanced population with a limited engraftment potential.
Comparable dissection of the structure of the human hematopoietic system has not been possible in the past, given the lack of appropriate systems for experimental transplantation. Over the last 8 years, however, several different xenotransplantation models have been developed that will facilitate investigation into the relationship of different populations and begin to define the hierarchy of the human hematopoietic system. Transplantation studies using nonobese diabetic (NOD)͞severe combined immunodeficiency (SCID) mice (11) as recipients have identified a population of SCID-repopulating cells (SRC) present in human umbilical cord blood (CB), bone marrow, and growth factor mobilized peripheral blood progenitor cells (PBPC) (12) (13) (14) (15) (16) (17) (18) . The fact that most SRC express the cell surface molecule CD34 (19) , thought to be expressed on the human LTRSC, and that at least a subset of SRC are multipotent (20, 21) suggests that the NOD͞SCID assay detects a population of early hematopoietic precursors that could include the most primitive stem cell. Recent retroviral marking experiments (22) , as well as cell fractionation experiments (23) , have provided evidence that suggests SRC represent a heterogeneous population that contains cells at different developmental stages capable of engrafting mice for varying periods of time. Further evidence for heterogeneity within the human hematopoietic repopulating cell compartment has been provided by studies using a fetal sheep model of transplantation (24) . This model is capable of discriminating discreet long-term potentials of CD34 ϩ bone marrow subpopulations based on CD38 expression (25) . Collectively, these observations suggest that the human hematopoietic system shares similarities with the mouse and contains cells with the potential to provide hematopoietic repopulation for different periods of time.
Analysis of patients transplanted with the CD34 ϩ fraction of human bone marrow, PBPC, and CB further support the concept that hematopoietic repopulation is mediated by distinct subpopulations of cells with differing potential. Within 7-9 days of transplantation, CD34 ϩ PBPC can generate sufficient numbers of mature neutrophils to raise the absolute neutrophil count above 500͞l in the peripheral circulation of the patient (26) . In the allogeneic setting, this fraction has been shown to exhibit durable donor engraftment in transplant patients for several years (27, 28) . If the human hematopoietic system maintains the same functional components as are found in the mouse, an obvious explanation for these repopulation patterns would be the presence of both short-and long-term repopulating cells within the CD34 ϩ fraction. At the same time numerous reports have documented the ability of human CD34 ϩ cells to engraft, proliferate, and develop in the NOD͞SCID model (13) (14) (15) 17) . In most studies to date mice were analyzed 5-8 weeks subsequent to transplantation. Although it has been widely assumed that SRC are long-term repopulating cells, a 5-8 week assay can only reflect the cells' capacity to home to the marrow and proliferate, but does not address the question of durable engraftment.
The CD34 ϩ fraction of bone marrow, PBPC, and cord blood can be subfractionated into functionally distinct populations based on the expression of the transmembrane glycoprotein CD38. The CD34 ϩ ͞CD38 Ϫ subpopulation that represents Ϸ5% of the total CD34 ϩ fraction, appears to contain the most immature elements (29, 30) , including the majority of the long-term cell-initiating cells (LTC-IC) and SRC (20, 21, 31, 32) . The CD34 ϩ ͞CD38 ϩ population, on the other hand, is generally considered to represent more mature cells and contains most of the in vitro colony-forming cells (CFC) (31, 32) . Although the majority of SRC are found in the CD34 ϩ ͞CD38 Ϫ fraction, a small subpopulation of these precursors can be detected in the CD34 ϩ ͞CD38 ϩ population (17, 20, 21 NOD͞SCID Mouse Manipulations. NOD͞SCID mice were obtained from breeding colonies that we have maintained in a restricted barrier facility at the National Jewish Hospital and Research Center (NJHRC, Denver, CO). Breeding pairs have been generously and periodically supplied to us by Leonard D. Shultz (The Jackson Laboratory). All animal experiments were approved by the Animal Care Committee of the NJHRC. Mouse conditioning, transplantation, and harvesting of hematopoietic tissues was performed as described (13) . For secondary transplantations bone marrow aspirates from a primary recipient's femurs and tibia were used to transplant two secondary recipients or the bone marrows from two primary recipients were combined and used to transplant three secondary recipients.
Flow Cytometric Analysis. At least 5 ϫ 10 4 nucleated cells from mouse hematopoietic tissues were used for each two-or threecolor set up. Staining and flow analysis were performed exactly as described (13) . For human T cell analysis mouse thymocytes were first analyzed with anti-human CD45 and CD2, and on finding a significant population of positive cells were further analyzed with anti-human CD45͞CD3͞CD4͞CD8 tetraChrome antibodies. Finally, V␤ analysis was performed on human T cell fractions that exhibited high levels of surface CD3, using various combinations of PerCP-and FITC-conjugated anti-human CD3, CD4, and CD8 along with biotinylated antibodies against 16 different human V␤s. V␤ staining was detected with streptavidin-PE (Becton Dickinson PharMingen). V␤ antibodies were kindly supplied by Brian Kotzin (University of Colorado Health Sciences Center) and used as described (33) . All other antibodies were from Becton Dickinson, except for anti-CD13, antiglycophorin A, and the anti-CD45,3,4,8 tetraChrome antibodies (Beckman Coulter), anti-mouse CD45 (Becton Dickinson PharMingen), and anti-human IgM (Caltag, South San Francisco, CA). isolated from a single CB. Groups of four mice were killed and analyzed on days 4, 7, 14, 28, and 56 posttransplantation. At each time point bone marrow, spleen, thymus, and peripheral blood were analyzed from each mouse for human myeloid (CD33, CD13, CD14), lymphoid (CD19, IgM, CD2, CD3, CD4, CD8), and precursor (erythroid: glycophorin A, CD71; multilineage: CD34) populations. Fig. 1 illustrates the ranges exhibited by the groups of animals at each time point for the proportion of human cells in each hematopoietic organ (Fig. 1a) , for the percent of cells expressing lineage-specific markers within the human population from bone marrow and thymus (Fig. 1b) , and the median number of total human cells expressing a particular marker (Fig. 1c) .
Results

Kinetics of CD34
Engraftment was evident first in the bone marrow and was detected as early as 7 days posttransplantation, where 3-5% of leukocytes were human CD45 ϩ . Peripheral blood and splenic repopulation were observed by day 14 followed by thymic repopulation by day 28. The proportion of human cells in all four organs increased significantly throughout the duration of the experiment. With respect to lineage development in the bone marrow (Fig. 1b) , the myeloid compartment was repopulated first (day 7) with cells expressing early myeloid markers (CD33). Cells displaying a more mature myeloid phenotype as defined by the coexpression of CD13 and CD33 were detected in the bone marrow by the second week of repopulation. Myeloid cells were the predominant population in the human graft throughout the first month following transplantation. Beyond this point, the frequency of these cells diminished as the proportion of B cell precursors increased. Erythroid precursors developed by day 14 of repopulation and were maintained as a decreasing proportion of the human cell population throughout the experiment. B cell precursors as defined by CD19 ϩ ͞IgM Ϫ expression were present as early as day 14, and by day 28 these cells represented the second largest population of human cells. Further maturation within the B cell compartment, defined by surface IgM expression, was not evident until day 28 posttransplantation. At day 56 B cells were the predominant human cell population, although low levels of myeloid cells and erythroid precursors persisted in the graft. Although the proportion of specific lineages within the human graft changed significantly throughout the 56-day experimental period, the total number of cells within each of the lineages either remained relatively constant (erythroid) or continued to increase throughout the course of the experiment (Fig.  1c) . The growth curve illustrates that the number of human CD45 ϩ cells increased Ϸ4,000-fold between the first and eighth week of the study, initially because of myeloid cell increases and later (after day 28) of increases in the B cell compartment (Fig. 1c) .
As was the case with B cell repopulation, thymic reconstitution with human cells did not occur until day 28, at which time only
Ϫ cells were present. It was not until day 56 that human CD3 ϩ ͞CD4 ϩ ͞CD8 ϩ cells comprised the bulk of the human cell population in NOD͞SCID thymi. Collectively, the findings from this kinetic study suggest that the precursor population within the CD34 ϩ lin Ϫ fraction of cord blood is heterogeneous and contains cells that function at early stages following transplantation as well as those that can sustain significant engraftment for at least 8 weeks.
Kinetics of CD34 ؉ ͞CD38 ؉ and CD34 ؉ ͞CD38 ؊ Repopulation. To dissect the broad repopulation potential of CD34 ϩ CB cells and to evaluate the ability of the NOD͞SCID model to discriminate these potentials in vivo, this population was fractionated into CD38 Fig. 4 ). The fractions were consistently at least 97% pure (data not shown). Mice were killed at serial time points posttransplantation and their hematopoietic tissues were analyzed for engraftment and development of human hematopoietic cells.
Mice that received CD34 ϩ ͞CD38 ϩ cells exhibited high levels of human cell engraftment within 4-7 weeks of transplantation. Between 8 and 12 weeks some of the animals in this group continued to display high levels of human cell repopulation (Fig.  2 a and b) . However, more than half the animals transplanted with the CD34 ϩ ͞CD38 ϩ fraction showed no evidence of human cell engraftment at these analysis times. Beyond 12 weeks posttransplantation, the level of human cells in the mouse marrow decreased dramatically and the majority of CD34 ϩ ͞ CD38 ϩ recipients exhibited no human hematopoietic cells (Fig.  2 c and d) ) lineages in the bone marrow and the myeloid and B lymphoid lineages in the peripheral tissues. In addition repopulated animals also maintained a significant CD34 ϩ precursor population in the bone marrow (see Fig. 5a , stippled bars, which is published as supporting information on the PNAS web site, www.pnas.org).
Mice Ϫ cells contained a significant human graft (Fig. 2 b-d) . The multilineage nature of engraftment in the bone marrow and peripheral tissues in these animals was similar to that observed in mice transplanted with the CD34 ϩ ͞CD38 ϩ fraction (Fig. 5a , open bars) with the notable exception that they displayed more frequent thymic repopulation (see below).
In experiments where CD34 ϩ cells were fractionated into three subpopulations (Fig. 2 c and d, and Fig. 4 Taken together, the findings from these cell fractionation experiments are consistent with the interpretation that the CD34 ϩ ͞CD38 ϩ fraction contains relatively mature precursors that provide an early, but transient wave of repopulation, whereas the CD34 ϩ ͞CD38 Ϫ fraction contains a more primitive subset of cells with long-term repopulating potential.
Long-Term SRC Content of CD34 ؉ Subfractions. A benchmark for determining the long-term reconstituting potential of hematopoietic cell populations in the mouse has been the ability to serially repopulate secondary recipients with bone marrow from primary recipients engrafted with the experimental fraction (2, 4-6, 34). To further evaluate the repopulating potential of the different CD34 ϩ fractions, bone marrow from primary recipients of each was assessed for SRC with secondary repopulation capacity. The majority of the bone marrow cells (except for 2-5% that were used for multilineage analysis) from selected mice at each time point (indicated by triangles in Fig. 2 a-d) were transplanted into irradiated secondary recipients. Donor mice in secondary transplantation studies had originally been engrafted with 1. Ϫ fractionated human cells. Secondary recipients were then analyzed for multilineage engraftment 8-16 weeks posttransplantation (Fig. 2e) . None of the secondary recipients of bone marrow from mice originally transplanted with either CD34 ϩ ͞CD38 ϩ or CD34 ϩ ͞CD38 low fractions (Fig. 2e) showed any evidence of human cell engraftment. This finding was apparent even when secondary transplants were performed at early time points, when human cells comprised the major proportion of bone marrow of the primary recipient. By contrast, at every primary engraftment time interval analyzed, mice transplanted with the CD34 ϩ ͞CD38 Ϫ fraction contained SRC able to repopulate secondary recipients (Fig. 2e) . Three color analysis confirmed that secondary engraftment was multilineage. Human cells that stained positive for myeloid (CD33, CD14), lymphoid (CD19), erythroid (glycophorin A ϩ ͞CD71 ϩ ͞CD45 Ϫ ), and progenitor (CD34) cell markers were detected in the mouse bone marrow by flow cytometry (Fig. 5b) low subfractions with respect to long-term repopulation potential. To determine whether these fractions differed with respect to other aspects of developmental potential, we next evaluated their capacity to generate T lymphocytes in the thymus of the transplanted recipients. Our earlier studies demonstrated that mice transplanted with CD34 ϩ lin Ϫ cells occasionally exhibit thymic repopulation, indicating that this potential does exist in this population and that the NOD͞SCID thymic environment is able to support human T cell development ( Fig. 1 a and b; ref. 13) .
Thymic repopulation was compared between mice engrafted with each of the CD34 ϩ subpopulations. To compare the potential of fractions at early engraftment time points when engraftment by CD34 ϩ ͞CD38 ϩ cells was most prevalent, but likely before the expression of T cell-specific markers (cf. Fig.  1b) , we assayed cells isolated from mouse thymi for expression of human CD45 by using parameters illustrated in the first two histograms of Fig. 3 . As indicated in Table 1 the frequency, both of input fractions that produced thymic repopulation and of animals displaying thymic repopulation, was significantly higher in the group transplanted with the CD34 ϩ ͞CD38 (Table 1 ). Although T cell potential is not altogether absent in the CD38 ϩ fraction, the frequency of cells with this potential is far lower than that found in the CD38 Ϫ fraction, given that each recipient received 10 -20 times more CD34 ϩ ͞CD38 ϩ than CD34 ϩ ͞CD38 Ϫ cells in each experiment.
Development of Human CD45 ؉ Cells in NOD͞SCID Mouse Thymi. In many recipients repopulated for more than 7 weeks, the human CD45 ϩ cell component in the mouse thymus ranged from 30-99% (data not shown). The vast majority of CD45 ϩ cells in these thymi also expressed CD2, CD3, CD4, and CD8 (Fig. 3) . Interestingly, mice with thymic engraftment that were repopulated for 12 or more weeks, displayed a bimodal distribution of human thymocyte CD3 expression (Fig. 3) . In contrast, those analyzed before this time exhibited a single population, expressing low levels of CD3, similar to that illustrated in gate B of Fig. 3 . Invariably, low CD3 expression (i.e., TCR expression) corresponded to almost all cells being 
CD4
ϩ ͞CD8 ϩ double positive (histogram from gate B in Fig. 3 ). Cells expressing high levels of CD3, on the other hand, contained substantial proportions of CD4 ϩ and CD8 ϩ single positive T cells (histogram from gate C in Fig. 3 ).
To determine whether normal polyclonal development is taking place within these repopulated thymi, cells from them were analyzed for V␤ diversity by using a panel of 16 different antibodies directed against specific human V␤ epitopes. The V␤s recognized by this panel of antibodies represent Ϸ70% of the human repertoire. All V␤s analyzed were found to be present in these thymi at variable levels (see Table 2 , which is published as supporting information on the PNAS web site, www.pnas.org). In addition, there was no evidence of predominant clones or abnormal skewing to certain V␤s, suggesting that normal human T cell development was occurring in these mice.
Discussion
The findings presented in this report provide strong evidence that the CD34 ϩ ͞CD38 Ϫ and CD34 ϩ ͞CD38 ϩ fractions of cord blood represent distinct populations with respect to NOD͞SCID engraftment potential. Specifically, the following observations are consistent with the interpretation that the CD34 ϩ ͞CD38 Ϫ cells represent the more primitive component of the population commonly referred to as SRC. First, CD34 ϩ ͞CD38 ϩ cells repopulate early, whereas CD34 ϩ ͞CD38 Ϫ repopulation is more robust at later stages. Second, only mice repopulated with CD34 ϩ ͞CD38 Ϫ cells contained SRC that were able to repopulate secondary recipients. Third, T cell potential was apparent in the majority of CD34 ϩ ͞ CD38 Ϫ fractions, but diminished as levels of CD38 expression increased. These findings are consistent with previous in vitro and in vivo studies that have indicated that cells expressing no or low levels of CD38 represent the most primitive fraction of the CD34 ϩ population with respect to colony potential and SRC content, respectively (20, 21, (29) (30) (31) (32) . These data support recent findings from an elegant set of experiments where retrovirally marked CB was transplanted into NOD͞SCID recipients and identifiable clones exhibited differential periods of longevity (22) . Those clones that persisted may have come from transduced CD34 ϩ ͞CD38
Ϫ cells, whereas those that appear to decline may have been derived from transduced CD34 ϩ ͞CD38 ϩ cells. Our data also supports early work in sheep, as well as more recent experiments in NOD͞SCID ␤2 microglobulin null mice that showed that longevity of grafts varies depending on CD38 expression on input CD34 ϩ cells (23, 25) . However, in contrast to results reported by Glimm and coworkers (23) we found that the NOD͞SCID mouse readily detects short-term (6-12 week), multilineage reconstitution provided by CD34 ϩ ͞CD38 ϩ and CD34 ϩ ͞CD38 low cell populations. This may be explained by the fact that we treat mice with anti-asialo GM1 during the early engraftment period to further inhibit NK cell activity. The ␤2 microglobulin knockout on the NOD͞SCID background confers a complete loss of NK cell activity on mice. Thus if short-term precursors are sensitive to host NK activity, use of the antibody in NOD͞SCID mice may render the models somewhat equivalent in detecting this fraction of repopulating cells. Together, these findings suggest that one must exercise caution when using the NOD͞SCID assay to define a repopulating cell and that one must look at both duration and potential of the graft. This situation is similar to that observed in the mouse, where early, intermediate, and long-term repopulation are mediated by distinct subsets of precursors (1, 35) .
As discussed above, along with the longer-term component of the CD34 ϩ fraction, this study demonstrates that a short-term component can be readily distinguished in the NOD͞SCID model. The earliest stages of human hematopoietic reconstitution from CD34 ϩ CB cells in NOD͞SCID mice, that occur within 7 days of transplantation, are marked exclusively by myeloid repopulation of the bone marrow (ref. 36 ; Fig. 1b ). This finding is significant because it parallels the rapid granulocyte recovery observed in humans following myeloablative treatment and hematopoietic rescue with CD34 ϩ cells (26) . These observations suggests that both species may be repopulated initially by equivalent cells. By correlating neutrophil recovery in humans with the level of myeloid progenitors Fig. 3 . Development of human thymocytes in the NOD͞SCID mouse thymus. Cells isolated from the thymus were initially gated on a low forward and side scatter population. Cells in this gate were then assessed for human vs. mouse CD45 staining. If present, cells within the human CD45 ϩ gate were then assessed for CD2 as well as CD3͞CD4͞CD8 staining. Histograms are presented for the entire CD3 ϩ population (A), the CD3 low subpopulation (B), and the CD3 high subpopulation (C). This example is representative of mice engrafted for periods of 12 weeks or longer. In mice engrafted for shorter periods of time typically only the CD3 low subpopulation of cells was present that contained Ͼ95% CD4 ϩ ͞CD8 ϩ double positive cells. The observed sequence of development in the NOD͞SCID thymus appears to be similar to what occurs in the human thymus. In the kinetic study described above at 4 weeks CD45 ϩ cells were present in the thymus, but T-specific markers were not expressed until 8 weeks (Fig. 1) . Thus the T cell lineage is the last to recover, much as the case in patients following myeloablative treatments and hematopoietic rescue. In mice analyzed 8 weeks subsequent to engraftment Ͼ90% of the cells were CD45 ϩ ͞ CD2 ϩ ͞CD3 ϩ ͞CD4 ϩ ͞CD8 ϩ . Single positive CD4 or CD8 cells were not detected. Interestingly, in experiments where mice were killed at 12 weeks and beyond T cell development proceeded to yield significant CD3 ϩ ͞CD4 ϩ and CD3 ϩ ͞CD8 ϩ populations within the thymus. Moreover, the profile of cell surface expression of these markers appears developmentally normal: low CD3 (TCR) expression corresponds to Ͼ95% of cells being CD4 ϩ ͞ CD8 ϩ , whereas CD4 ϩ and CD8 ϩ single positive cells comprise a larger proportion of cells expressing high levels of CD3. This is a somewhat surprising result because it has been found that human coreceptors, such as CD8, do not interact well with mouse ligands (MHC class I; ref. 41) . Additionally, we have demonstrated, through the use of V␤ antibody staining, that the T cells that develop are at least oligoclonal, and probably polyclonal, with respect to ␤ chain rearrangements of their TCRs. The antibodies used in this study collectively stain TCRs that comprise Ϸ70% of the human repertoire. In both samples analyzed, every V␤ was represented with no gross skewing toward any particular V␤ that might indicate proliferation of a particular clone. Taken together these data describe events consistent with normal human thymic T cell development. These findings suggest that a NOD͞SCID mouse assay may be a reliable assay for discerning the in vivo T cell potential of various cell fractions considered for transplantation. Additionally the model may prove to be an optimal system for evaluating various aspects of human immune reconstitution in vivo, such as factors and accessory cells required for peripheral maintenance of T cells or that influence the determination of T cell repertoire.
This report, along with other recent findings (22, 23, 25) , demonstrates that different classes of human SRC exist that possess differing potentials with respect to graft longevity and lineage restrictions. At least two of these classes are isolatable from the CD34 ϩ population of CB and are readily and differentially detected in the NOD͞SCID mouse model. Our findings lead us to speculate that the CD34 ϩ ͞CD38
Ϫ fraction may contain LTRSCs, whereas the CD34 ϩ ͞CD38 ϩ fraction may contain those cells capable of providing short-term and intermediate stage engraftment in humans. It will be interesting and informative to discover how these findings relate to human repopulation.
